A two-parameter function for estimation of projected area in instrumented indentation measurement is obtained to account for indenter tip imperfection. Imperfection near indenter tip-end is modeled using a spherical function and combined with a linear function describing the edge boundary of the indenter. Through an analytical fusion technique the spherical and linear functions are combined into a single function with two unknown geometric parameters of tip radius of curvature and edge slope. Data from indentation measurement of force and displacement, using a Berkovich tip and single crystal alumina and silica samples, are implemented in the proposed area function yielding estimated values of Young's modulus.
Introduction
Indentation measurement has received increasing attention over the past three decades for assessment of material elasticity and hardness. Theoretically, a tip-end of an indenter is a vertex. However, in practice, the tip-end deviates from a perfect point. Deviation of a tip-end would not have a discernable effect on measurement results involving relatively high indentation depths. However, indentation measurement at relatively low depths is highly sensitive to the tip-end geometry. This increased sensitivity is due to the dependence of both Young's modulus and hardness on projected area of the indenter as shown by eq. (1).
Effective estimation of force/displacement slope S depends mostly on the measurement procedure and available instrument. On the other hand the estimation of A depends on proper description of the tip-end geometry. In general, for high depths one can employ the idealized tip geometry in which the planes converge at a single vertex. This is acceptable since at high depths deviation of the tip from a perfect vertex represents minute changes in the estimation of the projected area. For smaller indentation depths, however, such deviations can have significant influence on the estimation of projected area. For this latter reason, we set out to address tip deviation from a vertex so as to provide a more effective representation of projected area.
Indenter Tip Geometry
We consider a frame of reference with the origin of the coordinate system located at the tip-end (vertex) and the frame of reference oriented with z pointing toward the inside of the indenter along its central line.
Proposed Shape Function
Consider an equivalent conical indenter with spherical tip radius of unity. The purpose here is to develop a continuous function that can adequately describe the profile of an indenter. The goal is to develop a continuous function that approximates the profile over the entire range of interest with as few as possible parameters.
Using the equations of line of slope m and circle of unit radius, the intercept, c, and coordinates of point of tangency, 
The above represent a piecewise description of the indenter profile. We have decided to express x as a function of z since x would directly relate to the projected area and z would be the depth of indentation. We combine the above piecewise functions and make use of filtering concept to fuse them together as follows.
Where d = 3 and g is an explicit function of slope m. 
Where subscript e indicates exact and subscript a the approximate functions. The shape function provides an accurate estimation of the indenter profile as the error for the entire range of depth z stays within %1.
Results
We note that all area functions acquire the same form,
in which slope m in χ corresponds to the slope of the equivalent cone and χ is defined in (5). The profile slope (m) of equivalent cones of Berkovich, Vickers and Cube Corner are 0.3576, 0.3581 and 1.0996, respectively. The process of evaluating the proposed area function in (7) involves first finding an estimate of E r using a deep indentation test. The value of the reduced modulus so obtained is used along with force-displacement slope to calculate the projected area of indentation at various indentation depths. These values are used as the true projected areas. Using the method presented in this paper area is found based on equations (5) and (7) and using the Oliver-Pharr technique. Each estimate is used along with the true projected areas to establish error produced by each technique. Figure 6 shows percent error in estimation of projected area so as to obtain a consistent value of Young's modulus. It is clearly demonstrated that the method proposed in this paper provides the most consistent estimation of Young's modulus. It maintains estimates of projected area within 20 percent, even for indentations below 50 nm. 
Conclusions
A method has been proposed for estimation of projected area for nano-scale indentations. The method uses a fusion technique to combine two functions that fit an indenter profile in a piecewise manner. The fusion provides a nonlinear function involving only two unknown parameters of tip-end radius of curvature and slope of an equivalent cone. The method has been shown to be effective in providing estimation of Young's modulus for indentations below 50 nm, yielding error in estimation of projected indentation area of less than 20 percent.
